Gels can be formed by the self-assembly of small molecules into fibers that entangle and cross-link to form a network. Understanding how the molecules are packed in these self-assembled structures is difficult. Here, we use small-angle scattering to determine how the molecules pack in both the pre-gelled state and in the gel, as well as following the transition between the two types of aggregate. (D.J.A.)
INTRODUCTION
Low molecular weight gels are formed by the self-assembly of small molecules into anisotropic structures. [1] [2] [3] [4] [5] These gels are widely used in numerous applications, 6, 7 including tissue engineering, 8 drug delivery, 9 optoelectronics, 10,11 structuring, 12 remediation, 13 and catalysis, 14 among others.
The small-molecule gelators self-assemble into structures such as fibers and nanotubes that are typically a few nanometers in diameter, but often micrometers in length. The gel network is formed when these structures entangle into a threedimensional mesh that entraps the solvent. The properties of the gels result from the primary assembled structures, as well as how they entangle and cross-link. A key unanswered question in the field of low molecular weight gels is how the molecules pack in the primary self-assembled structures. 15 This is important because, without an understanding of this packing, it is difficult to design new gelators. In the main, the field is still heavily reliant on cartoons, which restricts progress.
The primary fiber structures can often be imaged by various microscopy techniques (although drying can be an issue 16 in terms of reproducing the 3D bulk conformation in solution, and furthermore, it is not evident how to probe a sample volume that is sufficiently statistically meaningful). However, microscopy does not usually have the resolution to allow an understanding of the molecular packing in the gel phase and so is most often used to understand the nature of the assembled structure. Techniques such as infrared (IR) spectroscopy or circular dichroism can inform us to
Progress and Potential
Small molecules can selfassemble into one-dimensional structures to give self-supporting gels. Such gels have a wide range of uses, including tissue engineering and drug delivery catalysis. It is difficult to understand how the molecules are packed in these structures, but this is hugely important if we are going to be able to learn from and design such materials.
Here, we use a combination of small-angle X-ray and small-angle neutron scattering with selectively deuterated molecules to understand the packing in the pregelled aggregates and in the gel state. We also use kinetic measurements to understand the transition between these aggregates. Our data show that there is a lack of order in the gel state, correlating with the limited predictive design rules in this field and with the importance of kinetics in forming the gel state. This approach allows us to understand our specific systems but represents a general approach that could be taken with different classes of gelator. Matter some degree about the intermolecular interactions, but they again do not provide all of the necessary information to understand this packing. In some cases, crystallography or powder X-ray diffraction is used on a dried gel. 17 This can be problematic; it is most commonly assumed that there are no changes on drying although mostly little proof is provided. There is accordingly a real need for new methods to understand and explain the molecular packing within the self-assembled structures.
A popular class of low molecular weight gelator (LMWG) is the functionalized oligopeptide. [18] [19] [20] [21] Typically, the N terminus is functionalized with a large hydrophobic (usually aromatic) group such as fluorenylmethoxycarbonyl (Fmoc), 22 naphthalene, 23 pyrene, 24 carbazole, 25 indole 26 and phenothiazine, 27 among others. [28] [29] [30] The C terminus is usually free, meaning that hydrogels can be formed by dispersing the oligopeptide at high pH, where the carboxylic acid is deprotonated, and then decreasing the pH to re-protonate the C terminus. Gels are formed just below the apparent pK a of the C terminus. There are many examples, with perhaps functionalized dipeptides being the most common. 19 Despite the interest in this class of gelator, there is limited understanding of how the molecules pack in the gel phases. There has been some interpretation of crystal structures, 31 although we have shown that there is limited (if any) correlation between the crystal structures that can be obtained (even from the gel phase itself) and the diffraction data directly from the gel phase. 32 Indeed, there are a number of examples where this has been shown to be true for functionalized amino acids, 33 dipeptides, 32, 34 and very recently a pentapeptide. 35 This leads us to question the value of such X-ray data in interpreting the packing and to highlight that, to our reading, the assumption that there is significant order in these systems has not been verified. We have further shown that there can be significant drying issues. 16 Unsurprisingly, there can be significant changes when gels are dried, which can include crystallization. Hence, in some cases where powder X-ray diffraction (pXRD) is used to demonstrate crystallinity and order, it can only be inferred that this is the case on drying, as opposed to necessarily demonstrating that this order exists in the gel phase.
There is one gelator for which the packing has been explained to some degree. This is FmocFF, perhaps the most famous of this class. The packing for FmocFF was explained on the basis of a range of data, including pXRD, circular dichroism, and IR data, and was suggested to lead to the formation of cylindrical structures using a specific p-b packing. 36 However, other reports find a different packing for the same gelator and describe conflicts in the first model 37 (e.g., different circular dichroism data 38 ), and it has been shown that the packing is not the same in closely related gelators such as FmocAA. 39 It is worth also pointing out that there are very few design rules for LMWGs, with many still being discovered by chance. 15, 40 One school of thought suggests that the packing in the crystal state of the molecule (or more commonly closely related analogs) can be used to infer packing in the gel state, 41 although as stated above there are clear cases where this is not appropriate. 32 Aside from this approach, there are limited methods to fully understand molecular packing; although examples do exist that can probe packing to some degree, these only offer limited information. There is therefore significant interest in understanding the packing from the perspective of being able to rationally design future LMWGs.
Thus, there is a real need for the development of methods for understanding the packing in self-assembled aggregates. Here, we focus on this question and apply microscopic and small-angle scattering approaches. We combine small-angle X-ray scattering (SAXS) with small-angle neutron scattering (SANS) contrast-matching experiments to access information about the molecular packing; this approach is widely used in the surfactant literature [42] [43] [44] [45] as well as (for example) structure determination in protein and polymer systems. [46] [47] [48] [49] We start by describing a single well-studied and robust LMWG, 2NapFF ( Figure 1 ). We have shown that this molecule forms self-assembled aggregates at high pH; 50,51 gels can be formed by reduction in the pH. 23 By preparing selectively deuterated analogs of the same molecule, the excess scattering from that section of the molecule is decreased compared with its hydrogenated analog in solution. Direct comparison of the scattering, as well as by fitting the data to models, allows us to understand how the molecules pack under different conditions. We then show that the approach can be used for two other examples.
RESULTS AND DISCUSSION
We have previously described the self-assembly of 2NapFF in detail (the chemical structure is shown in Figure 1 ). 2NapFF self-assembles at high pH (pH 10-11) into long anisotropic structures. 50 These entangle to give viscous solutions. The assembly is concentration dependent, as would be expected for a surfactant-like structure; the anisotropic structures are formed above 0.8 mg/mL. 50 These solutions can be gelled by a decrease in pH. 23 We synthesized five analogs of 2NapFF ( Figure 1 ). In addition to the parent molecule (2NapFF), we prepared 2dNapFF (where the naphthalene ring is deuterated but the dipeptide is hydrogenated), 2NapdFhF and 2NaphFdF (where the naphthalene is hydrogenated and either the first or second amino acid is deuterated, respectively), and 2NapdFdF (where the naphthalene is protonated and both amino acids are deuterated). All five were prepared using the same synthetic procedures (see Supplemental Information). For 2dNapFF, the deuteron at the 1 position of the naphthalene system is exchanged for a proton early in the synthetic sequence. The exchange is approximately 50:50 in the d 7 /d 6 -2-naphthoxyacetic acid tert-butyl ester and is complete in d 6 -2-naphthoxyacetic acid; the NMR integral for the H-1 proton is unity and no d 7 -compound was observed in the mass spectrum (see Supplemental Information, Figure S27 ). Although the deuteron at the 1 position is lost, six of the seven available positions are still deuterated. 
Packing in the Solution State
Solutions were prepared of all analogs in 100% D 2 O at a concentration of 10 mg/mL. Cryo-transmission electron microscopy (TEM) images were collected for exemplar solutions of 2NapFF, 2dNapFF, and 2NapdFdF ( Figure 2 ). In all cases, long anisotropic structures were imaged. Image analysis showed that the diameters of these structures were similar in all cases (6.87 G 1.15, 5.85 G 0.84, and 6.51 G 1.09 nm, respectively). In addition, solutions of all five of these samples have similar viscosities ( Figure S1 , Supplemental Information), implying similar underlying structures.
We collected both SAXS and SANS data for the solutions. For SANS, it is usual to use D 2 O as the solvent to maximize excess scattering of the hydrogenated structures. For direct comparison, SAXS was also carried out in D 2 O on identical samples (Figure 3 ). The SAXS data 52 for 2NapFF at high pH can be fitted to a cylinder model (we have previously described how SAXS data for 2NapFF can be fitted to a flexible cylinder model; this is true here, but the fit to a cylinder model is similar in quality for 2NapFF and the fit to a cylinder model is much improved for the 2NapdFdF, so we focus on a single model here). The SAXS data for 2dNapFF and 2NapdFdF are similar to those of 2NapFF. The scattering data for all three of the solutions could be fitted to a cylinder model. The radii in all cases were similar (4.3, 4.0, and 
nm, respectively).
A summary of the parameters extracted from the fits can be found in Table S1 (Supplemental Information). In all cases, the radii determined by SAXS are consistent with the cryo-TEM data.
We have previously discussed the SANS data for 2NapFF. 50, 52 2NapFF forms hollow cylinders at high pH. The data collected here are consistent with our previous work, and the SANS data for 2NapFF can be fitted to a hollow cylinder model combined with a power law, again as we have previously described. 50, 52 The wall thickness is found to be 2.1 nm. The core radius (not detected by SAXS due to the lack of contrast) is found to be 1.65 nm. This means that the overall radius from the fit is 3.75 nm, slightly smaller, but close to that found from the fit to the flexible cylinder for the SAXS data. There is a discrepancy in length between SAXS and SANS. However, in both cases, the lengths are outside the Q range of the instrument, and so these values should be treated with caution (although considering the larger Q range of the SANS measurement, the values determined from these data are likely to be closer to the true values).
To further understand the molecular details of 2NapFF self-assembly, we performed atomistic molecular dynamics (MD) simulation of 2NapFF in water. MD is a powerful technique that, together with experiments, can be used to unravel the molecular packing of a large variety of supramolecular assemblies. [53] [54] [55] First, 200 ns unbiased simulations were carried out on a water box containing 300 randomly dispersed 2NapFF molecules. Filaments were formed, but not hollow structures, as suggested by the SANS experiments, mainly due to the limited length of the MD trajectory (see Supplemental Information Section 5). Thus, we resorted to biased MD simulations to ensure the formation of hollow tubular assemblies of 2NapFF monomers. In the biased simulations, cylindrical restraints were introduced to the system based on the profiles from the scattering data. By using cylindrical restraints, specific atoms are free to move along the axis and the circumference of a tube, while they are forced to stay within the designated areas. In the next step, we performed temperature annealing from 300 K to 400 K and back to 300 K to allow relaxation of the system. Finally, we removed the biasing force and ran MD simulations of the preformed tube for 100 ns ( Figure S21 , Supplemental Information).
The 100 ns MD simulation of the preformed tube reveals that the molecular structure of the tube stays stable while it loses its ordered stacking of the rings ( Figure 4A ). Na + ions and intramolecular hydrogen bonds stabilize the tube structure.
To get an insight into the molecular arrangement of the tube, we calculated the radial distribution function between the aromatic groups in the tube structure. The aromatic stacking is relatively flexible; although we found a few ordered stacks of the naphthalene rings locally, we also observed randomly oriented naphthalene rings distributed in different regions of the tube ( Figure S22 ). The ordering of different aromatic groups was measured based on a second order parameter (P2) according to the angle formed between the normal to their planes. A P2 value close to 0 indicates random orientations, whereas a P2 value close to 1 indicates that the rings are parallel. In Figure 4B , we show that the naphthalene rings are mostly populated within 0.6 nm distance from any given naphthalene. However, the partially ordered naphthalene rings are within 0.4 nm distance from each other. Considering the size and dimension of naphthalene, we conclude that an off-set and slightly tilted arrangement is mostly adopted. We calculated the partial mass density landscape of the preformed tube to show the most visited regions of the tube by either naphthalene or phenylalanine rings (Figures 4C and 4D) . In highly populated areas of the landscape, we observed that naphthalene or phenylalanine rings tend to be in the middle and inner/outer layer, respectively. However, the phenylalanine rings adopt various conformations and visit the middle layer by folding and penetrating the naphthalene ring stacks. This smears out the density landscape to some extent and displays a population of phenylalanine rings in the middle layer of the density maps. We have quantified the extent to which the phenylalanine rings penetrate in between naphthalene rings by calculating the radial density of different rings ( Figure S23 ). Since the cylinder does not have a perfect shape, the distribution of ring densities is not symmetric.
Although the order of the peaks corresponds to the layered structure of the tube, there is an overlap between the radial density distribution of naphthalene rings and the two phenylalanine rings. We estimate that 20% of phenylalanine rings that are next to naphthalene penetrate in between naphthalene stacks. Only 5% of terminal phenylalanine rings fold back and reside within the naphthalene layers.
We now discuss the SANS contrast-matching experiments. As mentioned above, the deuterated section of the molecule scatters far less than the protonated section in D 2 O. Assuming that the model shown in Figure 4 is correct, we would broadly expect the packing to correlate with the cartoon shown in Figure 5A . The terminal amino acid is shown in dark blue, the amino acid next to the naphthalene ring in light blue, and the naphthalene rings in red. Using contrast matching, we should conceptually be able to affect the intensity of scattering from these different segments of the molecule.
For 2dNapFF, where the naphthalene ring is deuterated, the shape of the scattering data is similar to that for 2NapFF. A hollow cylinder combined with a power law can again be used to provide a good fit to the data. The wall thickness and core radius are similar to those of 2NapFF (2.2 and 1.8 nm, respectively). Hence, the decrease in contrast from the naphthalene ring does not lead to a dramatic change in the scattering, implying that the naphthalene rings overlap and do not form a well-defined layer (in agreement with Figure 4C ) or that the scattering from the amino acids dominates.
For 2NaphFdF, where the terminal phenylalanine (dark blue in Figure 5A ) is deuterated, a hollow cylinder combined with a power law can again be used to fit the data. The wall thickness and core radius are different to those for 2NapFF (1.7 and 2.1 nm, respectively). Hence, the radius has increased by 0.3 nm and the thickness decreased by 0.4 nm, consistent with the loss of scattering from the terminal amino acid (dark blue in Figure 5A ).
For 2NapdFhF, a hollow cylinder combined with a power law again provides a good fit to the data. The fit implies that the wall thickness and core radius appear to be similar to those in 2NapFF (2.1 and 1.8 nm, respectively). This implies diffuse packing of structure smearing out the scattering, and so we do not see a well-defined onionlike structure as might be expected.
Finally, the scattering intensity from 2NapdFdF is significantly lower than that for 2NapFF. Nonetheless, the data can again be fitted to the hollow cylinder combined with a power law. From the fit, the cylinder is very thin, with a wall thickness of 0.5 nm and a radius of 2.4 nm. This agrees with the model, where in this case we should only be detecting the scattering from the naphthalene rings (red in Figure 5A ). To access more information here, we also carried out SANS for 2NapdFdF in H 2 O. In this experiment, the contrast should now be such that the deuterated sections of the molecule should scatter. In line with this, the scattering is now very different ( Figure 5H ), and the data are best fit to a hollow cylinder, with a wall thickness of 2.5 nm, and a core radius of 1.7 nm, close to that found for 2NapFF in D 2 O as expected.
Hence, from the SAXS and SANS scattering experiments on the solutions, it is clear that the molecules are assembling in a surfactant-like manner, such that the hollow cylinders are formed. Hydrophobic collapse presumably drives the assembly with the self-assembled structures being stabilized by the carboxylates. The contrast-matching experiments are consistent with the cartoon models shown in Figures 5A and 5B , and the same structures are formed for all deuterated and non-deuterated analogs. 
Packing in Gels
Each of the solutions was gelled by decreasing the pH of the solutions. Again, all gels were prepared in D 2 O to allow direct comparison. The initial pH (strictly pD) was also kept the same. To bring about gelation, we used the hydrolysis of glucono-d-lactone (GdL) 56 as we have described elsewhere. 57 This results in a slow, uniform pH change and reproducible gels and has the advantage that it is possible to follow the gelation process with time. There were small differences in rheological profiles with time (Figure S2 ), but the final properties are similar. Due to the strengths of the gels, effective cryo-TEM could not be collected; the images collected show simply broken structures (e.g., Figure S4 ).
The SAXS data for the gels fit well to a flexible elliptical cylinder model. For the fitting, the lengths were fixed to be arbitrarily long and outside the Q range of the equipment. The radii were found to be 4.1, 4.1, and 3.6 nm for 2NapFF, 2dNapFF, and 2NapdFdF, respectively, with axis ratios of 2.5, 1.8, and 2.6, respectively. Hence, the radii are similar to the values for the structures at high pH (see above), but the structures are now elliptical as opposed to cylindrical.
At high pH, NMR data typically show around 20% of the expected integral of 2NapFF. 58 We interpret this as being due to the persistence of the micellar structures at high pH, with the molecules spending most of their time in the aggregated stated. Since only the molecularly dissolved 2NapFF is detectable by NMR, this results in a lower than expected integral. 59 As the pH decreases, the 2NapFF becomes less soluble. Thus, we would expect the time the molecules spend in the aggregated state to increase as the pH decreases. Hence, it seems unlikely that there is an initial solubilization and then re-aggregation, but rather that there is a direct structural transition as the pH decreases.
In terms of how the structural transition occurs, initially we focus on 2NapFF. One advantage of using GdL to adjust the pH is that the slow hydrolysis allows time-resolved experiments. Since the hydrolysis is so reproducible, it is possible to carry out the SANS experiments such that data at different camera lengths can be independently collected and added together. Using this method, time-resolved SANS experiments show that the peak arising from the hollow core for 2NapFF disappears quickly (within the first 15 min, Figure S6A ; kinetic runs were also collected at high Q only, which makes the data difficult to fit, but does show that the peak from the hollow core begins to disappear as soon as the pH starts to drop, Figure S6B ). For 2NapFF, pH titrations have shown previously that there are two apparent pK a values, despite there being only a single ionizable group. 52 We have interpreted this as being due to structural transitions as the pH is decreased. In light of the time-resolved SANS data, we hypothesize that the carboxylic acids in the interior of the hollow cylinder have a higher apparent pK a than those on the outside of the cylinders. Thus, as the pH decreases, the interior first becomes protonated and leads to a structural change. The pH data with time ( Figure S7 ) are consistent with this. After 15 min, when the peak due to the core has disappeared, the fit to the data is best achieved using a flexible cylinder model combined with a power law, giving a radius of 2.9 nm ( Figure S8 and Table S4 ).
Following this, as the pH is decreased further, ellipticity begins to occur, as shown by the fit to a flexible cylinder model combined with a power law becoming steadily worse (as shown by an increase in the chi-squared value). In addition, the scattering intensity at mid-Q increases with time. The data at 3 h can be best fit to a flexible elliptical cylinder with a radius of 2.9 nm and an ellipticity of 1.5. After 24 h, the data can be best fit to a flexible elliptical cylinder with a radius of 2.7 nm and an ellipticity of 2.4 ( Figure S9 and Table S5 ).
While the radius of one axis remains similar, the ellipticity gradually increases. The overall cross-sectional area is significantly greater in the elliptical structure than in the cylindrical structures formed at high pH ( Figure 6 ). If we assume that there is a structural transition as discussed above, the apparent increase in cross-section could only come via significant shrinkage in the length (to maintain the absolute number of molecules per aggregate), which seems unlikely, or by the elliptical structure being a result of lateral association of cylindrical structures ( Figure 6 ). This would also explain the gradual increase in ellipticity, with lateral association increasing with time (it seems likely to us that there is a mixture of individual and laterally associated structures, with an increase in the concentration of the laterally associated structures with time); fits to a cylinder model with polydispersity were not as good as using an elliptical model.
Hence, the best fit to the scattering data for the final gels formed by the addition of GdL to a solution of 2NapFF is obtained by considering the gel fibers to have a nonuniform cross-section and considering them as elliptical cylinders. Thus, in a Guinier plot of ln(Q a I(Q)) versus Q 2 , a value of a = 2 will give the best linear fit at low Q. It is also possible to extract the thickness of the scattering objects from a plot of ln(Q 2 I(Q)) versus Q 2 . For each sample presented here, the thickness was calculated using the linear region at very low Q. 60 These values are shown in Table S5 . It is striking to note that the values for the deuterated samples are greater than for the nondeuterated sample, and that for 2NapdFdF, the dimensions of the scattering object are $1.6 times that of 2NapFF. This differs from the fits to the SAXS data from the same structures, where the dimensions were not found to change. This apparent increase in the dimensions therefore seems to be a contrast effect.
Since the fits to the SAXS and SANS show that the gel fibers have an elliptical crosssection, we next performed fits of the SANS data for the deuterated samples to an elliptical cylinder model. To re-iterate the above, 2NapFF has been shown (B-F) Expansion of the data in (A) to show the disappearance of the peak at high Q (B). As the pH is decreased, the hollow cylinders formed by 2NapFF (C) initially lose the core (D; fit to data at 15 min) before becoming elliptical (E; fit to data at 180 min). At 24 h, the ellipse is more pronounced (F; shown superimposed are two structures the size of those in C). In all cases, the cartoons are drawn to scale on the basis of the SANS data.
previously to fit a flexible elliptical cylinder model, with a minor radius of 3 nm and an axis ratio of 2.6. In contrast, fits of the deuterated samples to a flexible elliptical cylinder model were unsuccessful; however, fits to an elliptical cylinder (with no Kuhn length component included) were more successful. It is not clear whether the difference in the models required to fit the data is due to a genuine stiffening of the deuterated samples, rendering them inflexible, or whether the degree of deuteration of the samples causes the fits to deviate from ideal. A polydispersity on the radius needed to be included with the fits to obtain the best values of the reduced chi-squared value
Values obtained from the fits show that in all cases the minor axis radius is approximately 4 nm, which is close to that seen for the overall radius of the cylinder in solution. The exception to this is 2NapdFdF, which appears to have a larger radius than is seen in the cylinder. However, the fibers are clearly elliptical, with axis ratio values of around 2.5, meaning that the major axis has a radius of around 10 nm. Comparing these values with the thickness obtained by the Guinier fits shows that in the case of 2NapFF and 2NaphFdF, the values obtained from the Guinier plot are close to the thickness of the short axis of the ellipse. However, for the 2dNapFF and 2NapdFhF samples, the thickness obtained from the Guinier plots is closer to the value obtained from the long axis of the ellipse. 2NapdFdF has a value for the short axis radius that is 5 nm, corelating with the thickness found from the Guinier plot. 2NapdFdF fits poorly over the whole Q range, and the only way to get anything approximating a decent fit is to cut the data at low Q. This is perhaps unsurprising, as the degree of deuteration in this sample means that scattering is only occurring from a thin ''disc'' of material, which may render the sample too unreliable to allow firm conclusions to be drawn. It should also be noted that these fits deviate at low Q, and thus, caution should be exercised in drawing inference from them. The deviation at low Q can be attributed to polydispersity within the sample (e.g., the presence of larger aggregates). A more detailed discussion of additional fitting of these data can be found in the Supplemental Information in Section 4.3.
From all of these scattering data, we can infer that deuteration does not affect the overall structures formed since the SAXS data are similar in each case. It is also worth highlighting that although cryo-TEM was difficult to collect due to sampling of these very rigid gels, the structures imaged are very similar for all 2NapFF variants (Figure S4 ). This again shows that deuteration does not affect the aggregation. However, the SANS data are more complex. What is clear, however, is that there is not welldefined packing. Instead, each gel can be best fit to an elliptical cylinder without clear contrast differences where the deuterated segments are packed, as we found above for the solution phase. Hence, these data imply that there is no well-defined packing in the gel phase. This might be initially surprising considering the (often implicit) assumption that such gels have a high degree of order.
To demonstrate that this method is not only viable for 2NapFF, we have also prepared samples of other gelators: 1ThNapFF ( Figure 7A ) and 2NapVG ( Figure 7C ). These were selectively deuterated, and SAXS and contrast-matching SANS were performed as described for 2NapFF. All fitting parameters and graphs of the SANS and SAXS data can be found in Section 4.4 in the Supplemental Information. At high pH, the SANS data for 1ThNapFF fits to a flexible cylinder with radius of 1.5 nm. The deuterated analog, 1ThNapdFdF similarly fits a flexible cylinder, but with a radius of 0.47 nm, reflective of the smaller effective cylinder radius seen by the neutrons (Figure 7B ). The decrease in radius is consistent with the expected size of the diphenylalanine from the data above for 2NapFF (0.75 nm for 2NapFF and 1.03 nm for 1ThNapFF; the size is presumably affected by the absolute packing, but the values are close). These data are therefore consistent with 1ThNapFF forming worm-like micelles at high pH, where the tetrahydronaphthalenes form the core of the cylinders ( Figure 7B ). When the pH was lowered to form a gel, the scattering data for both 1ThNapFF and 1ThNapdFdF fitted well to the flexible elliptical cylinder model, with radii of 4.1 nm and 2.7 nm, respectively. The aspect ratios were found to be 2.3 for 1ThNapFF and 1.9 for 1ThNapdFdF. This again indicates, as for 2NapFF, that the SANS data are measuring structures that are larger in the gel state than in solution, presumably as a consequence of packing of multiple fibers as the pH is lowered. However, unlike 2NapFF, the value for the minor axis is larger in both the non-deuterated and deuterated sample, suggesting that the aggregation is more pronounced in this system. SAXS data collected on both 1ThNapFF and 1ThNapdFdF shows again the formation of flexible elliptical cylinders but here with aspect ratios and minor radii that are comparable with the sizes observed in the SANS data for the non-deuterated analog, showing that the deuteration is not affecting the structure. However, as for 2NapFF, there is no indication that there are sharp interfaces arising from contrast differences, implying again that there is not well-defined packing in the structures in the gel phase.
Unlike 2NapFF and 1ThNapFF, 2NapVG does not form well-defined aggregates at high pH, and the scattering is weak at this point, even for the fully hydrogenated molecule. 59 However, gels are formed when the pH is decreased. Hence, we repeated the scattering experiments for gels made from 2NapVG with varying degrees of deuteration (Figure 7A) 
Conclusions
We have shown that selective deuteration and contrast-matching experiments are a powerful approach to understanding the packing in aggregates formed by functionalized dipeptides at high pH. The data show that these dipeptides assemble as conventional surfactants at high pH. For 2NapFF, as the pH is decreased to form gels, the packing is disrupted; the hollow core is first lost to form cylindrical structures, which then laterally associate. Loss of the core undoubtedly means that the packing is disrupted. Combined with the lateral association of fibers, this means that the deuteration and contrast-matching approach does not allow fine detail of the packing to be assigned, which makes sense from this model. The lack of order arises from the pre-existence of structures at high pH and the slow pH change. The pH change results in collapse of the hollow cylinders and hence a lack of order. Similarly, 1ThNapFF aggregates in a surfactant-like manner at high pH, but no order is seen on gelation. 2NapVG, which does not form persistent structures at high pH, also shows no sign of order on gelation. Although this might be seen as a negative, we rather see this as indicative of further evidence that the packing in these systems is not well ordered in the gel state, and so implies that it is likely that current models and cartoons are not correct.
Conceptually, understanding the packing would allow molecular design such that specific functional groups could be placed in a specific location for a reaction for example. These data show the difficulty in understanding the packing in the gel state and imply that there may not in fact be well-defined packing. This correlates with the lack of crystalline order seen in these gels. The data also correlate with the difficulty in determining predictive design rules; if the packing is not well-defined, this implies that the kinetic profile to the gel state is important, which will not be captured in many predictive models.
Nonetheless, the demonstration of surfactant-like packing at high pH opens up the opportunity for further design. It should be able to change morphology by changing the packing parameter, for example, by varying counter ions. Further, we note that the difference in apparent pK a inside and outside the 2NapFF nanotubes leading to the collapse of the core on gelation could be exploited in other ways.
EXPERIMENTAL PROCEDURES
Full experimental procedures are provided in the Supplemental Information.
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